ABSTRACT In this paper, the design of high performance conformal radiating structures is addressed within the Material-by-Design (MbD) paradigm. Toward this end, a new synthesis technique based on the innovative integration of a generalized quasi-conformal transformation optics and a source inversion procedure is proposed to fit linear phased arrays to smaller and arbitrarily-shaped surfaces. To the best of our knowledge, it is the first time that a design methodology simultaneously achieves (i) a simplification of the antenna layout through the reduction of its aperture and number of elements and (ii) its conformal transformation in order to match the aerodynamics of the hosting structure without affecting the required radiation features. It is worth remarking that the synthesized architectures are not only conformal, but they also provide the same performances of larger and straight layouts that could not be directly fitted to the available support. Some representative results are shown and discussed in order to validate the effectiveness of the proposed MbD methodology, as well as to highlight its current limitations.
I. INTRODUCTION AND MOTIVATION
When dealing with the design of modern phased arrays, matching the desired radiation performance (e.g., in terms of sidelobe level, half-power beamwidth, and directivity) is a big challenge in those applications where the size of the antenna is strongly limited by space and weight constraints [1] - [3] . Moreover, the synthesis complexity further increases whether the radiating system must be mounted over a non-regular surface with arbitrary profile (e.g., in case of air/satelliteborne devices) [2] , [4] . As a matter of fact, reducing the array aperture and -possibly -the number of elements in the beamforming network (BFN ) is often for such scenarios a necessary but not sufficient condition to match specific aerodynamic targets. Many unconventional architectures have been proposed for addressing the antenna miniaturization problem [2] . Within this framework, several works deal with the synthesis of compact layouts with the same number of transmit/receive modules (TRM s) but arranged in smaller apertures [5] - [7] . Alternatively, smaller size and lower weight antennas are achieved through thinning strategies [2] - [11] aimed at reducing the total number of elements on a uniform lattice. Many optimization techniques based on stochastic [8] , [12] , analytic [10] , [11] , or hybrid [13] approaches have been proposed to synthesize such architectures trying to tackle the unavoidable increase of the sidelobes [2] . On the other hand, the design of sparse arrays [14] - [18] allows to achieve more flexible arrangements by considering the location of each TRM as an additional degree-of-freedom (DoF). Unfortunately, sub-optimal beamforming capabilities are often achieved by such designs due to the reduction of control points [2] .
Recently, the introduction of artificially engineered materials (i.e., exhibiting properties not available in nature) opened a completely new (and still widely unexplored) way to design modern electromagnetic (EM ) devices [19] - [24] . Indeed, reformulating the antenna synthesis problem within the so-called Material-by-Design (MbD) paradigm [25] - [29] enables the unprecedented exploitation of materials as a powerful DoF to match user-defined goals. Within this context, quasi-conformal transformation optics (QCTO)-based approaches [3] - [31] have rapidly gained a lot of attention, thanks to their capability in obtaining effective field manipulating devices with reduced complexity (e.g., with low anisotropy and smooth distributions) as compared to standard TO techniques [22] .
Within the plethora of applications, still incredibly growing in number and heterogeneity [3] - [31] , a QCTO-based methodology has been presented in [3] to address the miniaturization of linear arrays. However, even if simultaneously enabling the reduction of both the array aperture and the number of elements, such approach is limited to the design of non-conformal structures [3] . As a matter of fact, the synthesized metamaterial lenses have a non-controllable rectangular shape whose width is larger or equal to the aperture of the reference layout [3] . Given such a constraint, aerodynamic requirements cannot be always fulfilled, since the designed radiating systems cannot be matched to non-regular surfaces, leading to unfeasible architectures.
Even if QCTO has been already exploited for the synthesis of conformal antennas [18] - [22] , [28] , [34] , to the authors' best knowledge no solution has been proposed so far to design conformal and miniaturized arrangements having the same radiation performance of larger and straight layouts that cannot be mounted on the hosting support without breaking its aerodynamics. Accordingly, this work proposes an innovative MbD methodology aimed at overcoming the current limitations of state-of-the-art approaches for the synthesis of high performance conformal radiating structures. Towards this end, a generalized QCTO approach [28] is exploited to provide the designer the full control of the shape and dimensions of the final array-lens system. Moreover, a source inversion (SI )-based strategy [3] is integrated in order to enable (i) the reduction of the TRM s to mitigate mutual coupling effects in the conformal dense layout, as well as (ii) the easy reconfigurability of the radiated beam shape. From the methodological viewpoint, the main contribution of this work is the generalization of the technique presented in [3] to enable the synthesis of miniaturized architectures fully matched to arbitrary profiles and providing the same radiation performance of larger but unfeasible layouts.
The paper is organized as follows. Section II mathematically formulates the conformal miniaturization problem and describes the proposed MbD solution approach. A set of numerical experiments is then discussed in Sect. III in order to carefully analyze the performances of the synthesized arrangements, as well as to highlight the current limitations of the presented methodology. Finally, some conclusions are drawn in Sect. IV.
II. MATHEMATICAL FORMULATION
Let us consider a reference linear phased array of N elements in the two-dimensional (2-D) plane (x, y), whose FIGURE 1. Problem Geometry -Sketch of (a) the reference array (i.e., N d -spaced elements over a straight metallic ground plane), the miniaturized array with (b) a non-conformal/non-aerodynamic (rectangular) lens, (c) a non-conformal/aerodynamic (curve) lens, and (d ) a conformal/aerodynamic (curve) lens.
n-th radiator is located at position
L = (N − 1) d being the array aperture, d the uniform interelement spacing, and h a fixed height from the underlying metallic ground plane [ Fig. 1(a) ]. By neglecting the time dependency factor exp (j2πft), each element is modeled as a z-oriented electric current line
where J n is a complex excitation and δ is the Dirach's delta function.
The number of transmit/receive modules (TRM s) in the beamforming network (BFN ), N , is properly set in order to meet specific performance requirements of the radiating system (e.g., in terms of sidelobe level and beamwidth). However, let us assume that the following two issues arise during the design process: 1) the required aperture, L, is larger than the available space on the hosting structure; 2) such a hosting structure has a non-regular surface, modelled through the arbitrary profile τ l [ Fig. 1(d) ].
Accordingly, suitable antenna miniaturization techniques should be adopted in order to deal with the first problem, by reducing the array dimensions such that it could fit the mechanical support without changing the radiated field. Several techniques have been proposed in the recent scientific literature to solve such a design problem, and among these the method in [3] appears as one of the most promising candidates. 1 Indeed, such a methodology is based on a twostep approach devoted at (i) designing a metamaterial coating radome able to compress the array aperture to L < L and (ii) reducing the number of radiators in the obtained dense arrangement by properly synthesizing the set of N < N equi-spaced excitations of the final layout [ Fig. 1(b) ] [3] . Unfortunately, the metamaterial lens synthesized at (i) is characterized by a rectangular shape, whose width is larger or equal to the reference aperture [3] [i.e., W l ≥ L - Fig. 1(b) ]. Given that, exploiting the approach in [3] for addressing the first issue (miniaturization) would certainly lead to a ''failure'' in solving the second one (conformal transformation), providing an unfeasible non-conformal layout of the final antenna-radome system [ Fig. 1(b) ]. Following this line of reasoning, a more sophisticated approach is required to fulfill the desired performance goals while meeting mechanical and aerodynamic constraints, through the synthesis of a miniaturized and conformal architecture as the one depicted in Fig. 1(d) . Accordingly, the following two goals must be simultaneously addressed in solving the arising design problem:
1) synthesize the permittivity and permeability distributions ε r and µ r of a metamaterial radome [r =
x , y ∈ - Fig. 2(d) ] able to compress the array aperture from L to L < L, whose external contour ∂ is fully controllable, conformal to τ l , as well as aerodynamic in the upper part [i.e., matching the desired curve τ u - Fig. 1(d) ]; 2) determine the positions r n and excitations J n , n = 1, . . . , N ( N < N ) of the conformal and miniaturized arrangement [ Fig. 1(d) ] such that its radiated field complies with
where E (r) denotes the radiated electric field distribution of the reference layout [ Fig. 1(a) ]. In (3), describes a fictitious domain in the original (x, y) plane with arbitrary contour ∂ and characterized by permittivity and permeability distributions ε (r) = ε 0 I and µ (r) = µ 0 I , I being the identity matrix [ Fig. 2(a) ]. The mapping between [ Fig. 2 
which is able to avoid the generation of unfeasible/unrealizable permittivity and permeability distributions inside (i.e., ε r and µ r with very high entries and/or very rapid variations). Consequently, a QCTO approach is considered to define χ (r) given its well known property of realizing smooth transformations through the solution of the 1 It should be pointed out that, although suitable fabrication technologies are currently under investigation for an experimental assessment, the method in [3] appears as a suitable candidate for the problem at hand from a theoretical point of view. Laplace equation [28] 
subject to the Dirichlet boundary condition χ (r)| r∈∂ = ∂ . Moreover, it is worth remarking that the considered domains have arbitrary contours (i.e., ∂ and ∂ are both chosen by the designer - Fig. 2 ). Accordingly, the generalized QCTO approach in [28] is exploited for realizing the desired mapping, implementing χ (r) as the cascade of two transformations r = (r) and r = ( r), involving the introduction of an intermediate rectangular domain [28] and the repeated solution of (5) . The permittivity and permeability tensors of the conformal lens (r ∈ ∂ ) are then derived respectively as [28] (6) and
where . T is the transpose operator, while J [ζ ( . )] denotes the Jacobian transformation tensor associated to the generic mapping ζ ( . )
It is worth remarking that, given the 2-D nature of the scenario at hand (Fig. 2) , the mapping is independent from the z direction. Accordingly, χ (r) can be simplified to χ (r) = χ (x, y) = χ x (x, y) , χ y (x, y) , 1 , while ε r and µ r have off-diagonal z-entries identically equal to zero (i.e.,
Finally, a source inversion (SI ) strategy [3] is exploited in order to reduce the number of radiators from N to N < N and restore a uniform spacing d within the compressed layout [ Fig. 2(c) ]. More precisely, the excitations of the final QCTO-SI conformal miniaturized array [with element positions r n , n = 1, . . . , N and aperture L = N − 1 d - Fig. 2(c) ] are determined such that it radiates the same farfield of the QCTO-dense layout [ Fig. 2(b) ] when placed in free-space [3] . To achieve such a goal, the SI procedure requires the computation of the following expression
where J = J n ; n = 1, . . . , N is the set of unknown excitations, while
is a collection of M samples of the field radiated in free-space by the QCTO-dense arrangement over a properly defined observation domain. Moreover, in (9) H + is the pseudoinverse of the M × N kernel matrix
0 ( . ) being the second-kind Hankel function of 0-th order and '·' denoting the scalar product, computed through a truncated singular value decomposition (SVD) operator [3] .
For completeness, the proposed design methodology is summarized in the following procedural steps (Fig. 3) : and r = ( r) defining the overall deformation operator r = χ (r) by numerically solving twice (5) through the generalized QCTO method [28] . Then, use (6) and (7) to compute the material distributions inside the conformal lens [i.e., ε r and µ r , r ∈ - Fig 
III. NUMERICAL RESULTS
This section is aimed at numerically assessing the effectiveness, the potentialities, as well as the limitations of the proposed MbD methodology for the design of miniaturized and conformal linear phased arrays. Towards this end, fullwave simulations based on the 2D finite element method (FEM ) have been exploited. Moreover, in order to measure the ''complexity'' of the synthesized lenses both the ranges of the permittivity tensors computed through (6) (i.e., ε max = max r ∈ ε pq r ; p, q ∈ {x, y, z} and ε min = min r ∈ ε pq r ; p, q ∈ {x, y, z} ) and the corresponding average fractional anisotropy (0 ≤ α F ≤ 1 ) and average relative anisotropy (0 ≤ α R ≤ √ 2) indexes will be evaluated (α F = α R = 0 indicating fully isotropic materials [26] , [29] ). Moreover, the ''quality'' of the obtained solutions will be measured by computing the following matching error between the far-field pattern radiated by the synthesized QCTO-SI (i.e., E (φ)) and by the reference (i.e., E (φ)) arrays
As a first numerical benchmark, let us consider a reference array of N = 20 d = 
where the value of W l (which controls the degree of compression of the reference elements) has been empirically set to W l = 20.5λ in order to achieve the desired miniaturization.
The relative electric permittivity distribution inside the synthesized lens (i.e., the non-null entries of ε r , for r ∈ ) computed by means of (6) is shown in Fig. 4 ( Step 3: Conformal Radome Synthesis) 2 . As it can be observed, the off-diagonal entries of ε r [i.e., ε xy r - Fig. 4(b) and ε yx r - Fig. 4(c) ] have equal distributions and values close to zero almost everywhere within . On the contrary, larger variations characterize the diagonal entries 2 Given the symmetry of (6) and (7), the permeability tensor µ r exhibits the same spatial distribution of ε r and for such a reason it is not reported. [i.e., ε xx r - Fig. 4(a) , ε yy r - Fig. 4(d) , and ε zz r - Fig. 4 (e)] especially in correspondence to the lower region, which is subject to an higher deformation to match the profile τ l . However, it is worth pointing out that the permittivity values are always bounded in the range ε min , ε max = [−4.62, 13.33] (Fig. 4 and Tab. 1), which is compatible with recent metamaterials design and fabrication processes [35] , [36] . Moreover, the synthesized material is characterized by a limited anisotropy despite the non-negligible deformation occurring between ∂ and ∂ [ Fig. 2(a) vs. Fig. 2(c) ], as denoted by the computed anisotropy indexes (i.e., α F = 3.26 × 10 −1 and α R = 3.10 × 10 −1 -Tab. 1).
Leaving for later discussion the analysis of the radiated farfield patterns, to preliminary verify the effectiveness of the QCTO-synthesized lens Figure 5 shows the simulated nearfield distribution after applying the computed transformation operator to map the original N = 20 radiators inside (i.e., letting r n = ( (r n )), n = 1, . . . , N = N -Step 4: QCTO-Dense Array Synthesis).
As it can be observed, the synthesized conformal/ aerodynamic metamaterial covering allows the QCTO−dense arrangement (having N = 20 elements with 
As a matter of fact, a visible mismatch with respect to the reference distribution can be observed when removing the synthesized lens [i.e., considering the ''no-radome'' QCTO − dense layout - Fig. 5(b) vs. Fig. 5(a) , and the magnitude of the difference field shown in Fig. 5(c)] .
Going through the steps of the proposed MbD synthesis methodology (Sect. II), let us now analyze the features 3 It should be pointed out that
Magnitude of the near-field radiated by (a) the reference array and by the QCTO-dense array (b) without and (d ) with radome; magnitude of the near-field difference between the reference distribution and the QCTO-dense array (c) without and (e) with radome.
of the final conformal and miniaturized radiating system having a lower number of equally-spaced radiators (i.e., N = 17, d = Fig. 5(a) ], they exhibit a quite low dynamic range ratio (DRR) according to the reference literature [37] , [38] , being
Distribution of (a) the amplitudes (i.e., J n , n = 1, . . . , N, and J n , n = 1, . . . , N) and (b) the phases (i.e., J n , n = 1, . . . , N, and J n , n = 1, . . . , N) of the reference and QCTO-SI arrangements. Fig. 6(a) and Tab. 1]. As it can be seen by looking at the plots in Fig. 7 , the designed QCTO − SI arrangement is able to mimic the field distribution radiated by the reference layout [ Fig. 7(a) vs. Fig. 5(a) , the magnitude of the difference field E z (r) QCTO−SI = E z (r) − E z (r) being shown in Fig. 7(b) ]. Such a result confirms the effectiveness of the SI step in reducing the number of control points without introducing alterations of the radiation characteristics, as indicated by the difference plot between the QCTO−dense [N = N = 20 - Fig. 5(d) ] and the QCTO − SI [ N = 17 - Fig. 7(a) ] distributions reported in Fig. 7(c) .
Of course, an evaluation of the actual performance of the proposed synthesis methodology requires a careful analysis of the far-field radiation features of the QCTO − SI array, in order to verify if it is able to match the desired (reference) properties. Towards this end, Figure 8 shows the normalized power pattern radiated by the reference, the QCTO − dense, and the QCTO − SI arrangements. As it can be observed, a very good matching is obtained as quantitatively verified by the computed values of the matching error (i.e., ξ | QCTO−dense = 1.66 × 10 −2 and ξ | QCTO−SI = 1.77 × 10 −2 -Tab. 1). Besides the very low value of ξ , the good agreement between the QCTO − SI and the reference pattern can be further verified by looking at the relative variation 
which turn out to be equal to β SLL | QCTO−SI = −8.34% and β HPBW | QCTO−SI = −0.39%, respectively (Tab. 1). Unfortunately, a slight degradation of the SLL occurs, even if such a discrepancy is quite limited (i.e., SLL| QCTO−SI SLL| reference ≈ 0.92 - Fig. 7 and Tab. 1). Besides the unavoidable errors related to the numerical solution of the QCTO step (requiring the discretization of the transformation domains and ), such a degradation is partially due to the truncation effect (or ''transformation truncation'' [29] , [39] ) occurring on the external boundary of ∂ and causing some reflections to arise in correspondence with the lens/free-space interface, as well as a reduced overlap with the reference pattern after the third sidelobe. On the other hand, it is worth remarking VOLUME 6, 2018 achievable performance when considering different compressions of the reference array while matching it to the conformal profile τ l [ Fig. 2(c) ]. Towards this end, Figure 9 (a) shows the behaviour of the far-field matching error versus the compression ratio, ρ = L L , between the reference (L) and QCTO − SI ( L) apertures. It is worth observing that, as expected, lower values of ρ (ρ < 0.84) lead to an increase of the matching error, being always ξ < 5.0 × 10 −2 even when considering a significant reduction of the control points [i.e., ξ = 4.83 × 10 −2 when letting N = 15, L = 7λ, → ρ = 0.74 - Fig. 9(a) ]. On the other hand, it should be noticed that ξ = 0 when setting ρ = 1 (i.e., no compression is applied to the reference array) because of the conformal transformation of the ground plane required to match the profile τ l [ Fig. 2(c) ]. Similar conclusions can be drawn by looking at the behaviour of the normalized differences β SLL and β HPBW reported in Fig. 9(b) , for completeness. If from the one hand it can be seen that reducing ρ leads to a lower sensitivity of the synthesized QCTO − SI pattern [showing slightly lower SLL values than the reference one], on the other hand a very good resolution of the main beam is obtained in all considered cases, as clearly indicated by the trend of β HPBW [being always close to β HPBW = 0% - Fig. 9(b) ]. Besides analyzing the achievable matching in terms of far-field pattern, it is worth considering what is the actual ''cost'' of the synthesized systems. Towards this end, Figure 10 reports the ''complexity'' versus ρ of the obtained metamaterials [both in terms of permittivity ranges - Fig. 10(a) , and anisotropy indexes - Fig. 10(b) ] and of the computed excitations through the SI procedure [ Fig. 10(c) ]. As expected, lower values of ρ (i.e., larger compressions of the reference layout) determine a widening of the lens permittivity ranges, being however always bounded to reasonable [37] , [38] values [i.e., ε min , ε max = [−5.00, 22.35] when ρ = 0.74 - Fig. 10(a) ], while the anisotropy appears to be always reduced and close to that of the case with ρ = 0.84 ; φ s = 90 [deg]) -Behavior of (a) the bounds of the permittivity tensor (i.e., ε min and ε max ), (b) the anisotropy indexes (i.e., α F and α R ) of the radome, and (c) the descriptors of the synthesized excitations of the QCTO-SI array (i.e., J min = min n=1,..., N J n , J max = max n=1,..., N J n , and DRR) versus the array compression ratio ρ for the conformal miniaturization (curve lens), the miniaturization (curve lens), and the miniaturization (rectangular lens) cases.
[ Fig. 10(b) ]. On the other hand, it should be pointed out that larger compressions do not pay a significant increase of the DRR [1.08 ≤ DRR| 0.74≤ρ≤1 ≤ 1.14 - Fig. 10(c)] .
In order to better understand what is the actual ''complexity'' of the design problem at hand, let us now analyze the achievable results when considering two intermediate (easier but sub-optimal) solutions. Clearly, the easiest solution to perform a compression of the reference array is to synthesize a rectangular lens of width W l ≥ L through the approach in [3] [i.e., yielding the layout in Fig. 1(b) ]. However, it is worth observing that such a result does not allow to obtain VOLUME 6, 2018 , ρ = 0.84) -Distribution of (a) the amplitudes (i.e., J n , n = 1, . . . , N, and J n , n = 1, . . . , N) and (b) the phases (i.e., J n , n = 1, . . . , N, and J n , n = 1, . . . , N) of the reference and QCTO-SI arrangements when considering a steering of the main beam towards the directions φ s = 90; 100; 110; 120 [deg] .
the desired aerodynamic profile in the upper part, nor the conformal matching to an arbitrarily-shaped structure in the lower part. Thus, an intermediate solution is that of realizing a metamaterial lens that exhibits the desired aerodynamic properties, by curving the upper part in order to fit the profile τ u [ Fig. 1(c)] . Unfortunately, such a design would still be sub-optimal, since it does not allow to match a conformal hosting structure, contrarily to what is done through the final design in Fig. 1(d) . As expected, the miniaturization obtained through a rectangular lens [ Fig. 1(b) ] yields the best performances of the final QCTO − SI layout in terms of far-field matching, as indicated by the plot of ξ versus ρ reported in Fig. 11(a) [i. e., ξ | miniat.
rect. lens = 6.52 × 10 −3 when ρ = 0.84 - Fig. 11(a) ]. Moreover, a slight increase of the matching error is obtained when passing to the intermediate [aerodynamic/not-conformal - Fig. 1(c) ] design by curving the upper part of the lens [ ξ | miniat.
curve lens = 1.51 × 10 −2 when ρ = 0.84 - Fig. 11(a) ]. Interestingly, the optimal aerodynamic/conformal arrangement [ Fig. 1(d) ] is not showing a significant increase of the matching error with respect to the two lower-complexity solutions, even if it accounts for a strong deformation of the ground plane in order to match the conformal profile τ l [ Fig. 11(a) ]. Such outcomes can be further verified by looking at the radiated power patterns shown in Fig. 11(b) , where it can be observed that the proposed aerodynamic/conformal design slightly differs from the intermediate solutions only in the far sidelobe region. Finally, it is worth observing that the complexity of the synthesized lenses gradually increases, as expected, when passing from the simplest [rectangular - Fig. 1(b) ] to the most complex [conformal and aerodynamic - Fig. 1(d) ] layout, as denoted by the plot of the lens permittivity range [ Fig. 12(a) ] and of the anisotropy indexes [ Fig. 12(b) ] versus the array compression ratio. On the other hand, it can be observed that all these designs are characterized by a low complexity in terms of the synthesized excitations through the SI procedure, as confirmed by the plot of the DRR versus ρ reported in Fig. 12(c) .
Having assessed the capabilities of the proposed MbD methodology for the broadside case, let us now analyze the obtainable solutions when considering a steering of the reference pattern. Towards this end, Figure 13 shows the radiated power patterns by the reference and QCTO−SI arrangements (still assuming a compression ratio of ρ = 0.84) for different QCTO − SI array does not require a re-design of the conformal metamaterial radome, being obtained by simply reexecuting the SI step considering a new set of observations of the desired steered far-field pattern (i.e., replacing the entries of the vector F) in solving (9) . For completeness, Figure 14 shows the synthesized excitations through the SI , indicating that low DRR values are always yielded whatever the steering angle [i.e., 1.06 ≤ DRR| 90≤φ s ≤120 [deg] ≤ 1.08 - Fig. 14(a) ]. All previous outcomes are confirmed by looking at the plots in Fig. 15 , showing the behavior of the matching Fig. 15(a) ], the SLL and HPBW relative variations [ Fig. 15(b) ] and SI excitations properties [ J min , J max , and DRR - Fig. 15(c) ] versus the steering angle value.
error [
To further verify that a new execution of the SI step allows the QCTO − SI array to reproduce different patterns of the reference array, Figure 16 illustrates the radiated power patterns when matching a Taylor pattern with SLL = 20 [dB] [ Fig. 16(a) ] and a flat-top pattern from [40] . A very good matching is obtained in both cases, as quantitatively denoted by the computed matching errors [i.e., ξ | Taylor = 2.03 × 10 −2 - Fig. 16(a) , and ξ | Flat−Top = 9.71×10 −3 - Fig. 16(b) ]. Such results confirm the potentialities as well as the flexibility of the proposed MbD synthesis approach, that enables an easy reconfigurability of the miniaturized and conformal architectures without changing the material properties inside .
To verify the scalability of the proposed approach, let us now consider a larger reference array, by increasing the number of TRM s up to N = 40. Figure 17(a) shows the behaviour of the matching error versus the compression ratio for such a benchmark. It is worth observing that good matchings (i.e., yielding errors ξ < 10 −1 ) are obtained for compression ratios ρ ≥ 0.79 [being N ρ=0.79 = 32 - Fig. 17(a) ], for which limited relative variations of both the SLL and HPBW [i.e., β SLL > −20% and β HPBW < 10% - Fig. 17(b) ] can be obtained with respect to the reference distribution. To visually verify the ''quality'' of the obtained solutions, Figure 18 compares the reference power pattern with those radiated by QCTO − SI arrangements when letting N = 36 ( ξ | ρ=0.9 = 4.49 × 10 −2 ), N = 34 ( ξ | ρ=0.85 = 4.55 × 10 −2 ), and N = 32 ( ξ | ρ=0.79 = 6.84 × 10 −2 ). Moreover, the overall ''complexity'' of the designed systems turns out to be acceptable and very close to what has been found for the N = 20 case, both in terms of lens permittivity ranges [ Fig. 19(a) ] and anisotropy [ Fig. 19(b) ], as well as in terms of synthesized excitations [ Fig. 19(c) ]. 
where t ∈ [0, (H u − H l )] and ν = 1.4 (Fig. 20) . More in detail, the following geometrical parameters have been considered: patterns radiated by the QCTO − dense and QCTO − SI arrangements are compared to that of the reference array when considering the identified ''limit'' steering angle (i.e., φ s = 105 [deg] - Fig. 22 ). If from the one hand such a plot verifies the capability of the QCTO − SI arrangement in reproducing the reference field pattern, on the other hand it clearly shows that bending and compressing the reference elements causes a severe degradation/defocusing of the radiated field pattern without using the metamaterial coating (i.e., the QCTO − dense array in the ''no-radome'' scenario - Fig. 22 ). For completeness, the near-field distributions are reported in Fig. 23 , where it can be observed that the QCTO − SI layout radiates a field distribution outside ∂ very close to that of the reference array [ Fig. 23(d) vs. Fig. 23(a) , the difference field being shown in Fig. 23(e) ], while the QCTO − dense array is unable to focus the beam when removing the QCTO lens [ Fig. 23(b) vs. Fig. 23(a) and the difference field in Fig. 23(c) ].
IV. CONCLUSIONS
In this work, the design of high performance conformal radiating structures has been addressed within the MbD paradigm. A novel synthesis methodology has been proposed, effectively combining a generalized QCTO approach [28] and a SVD-based SI strategy [3] to deal with
• the reduction of the aperture (L) and number of TRM s (N ) of a large reference array in order to match it to the hosting structure while keeping unaltered its radiation performances;
• the synthesis of a metamaterial radome whose shape is fully controllable by the designer and conformal to arbitrarily-shaped mechanical supports.
A set of representative results -carefully selected from an exhaustive numerical validation -has been shown in order to verify the effectiveness and the current limitations of the proposed MbD methodology. Such an analysis has pointed out that 1) a reduction of the antenna aperture and number of elements can be achieved without introducing significant degradations in the radiated field; 2) unlike previous QCTO-based designs [3] , a conformal shaping of the final antenna-lens radiating structure can be easily achieved; 3) a clear trade-off exists between the compression of the reference array and the complexity of the synthesized lenses, both in terms of permittivity/permeability ranges and anisotropy; 4) the proposed methodology is flexible and scalable, allowing to handle the transformation of reference layouts with different dimensions (N ), having nonuniform excitations, arbitrary SLL and HPBW , as well as smaller/larger values of the inter-element spacing d.
Future works, beyond the actual goals of this paper, will be addressed towards the extension of the developed MbD synthesis approach to deal with full 3-D systems. Moreover, the possibility to integrate the design into an optimization loop to synthesize lenses with reduced anisotropy will be investigated, by considering the exploitation of fast EM solvers or properly defined surrogate models [25] . An experimental assessment is envisaged, as well, by identifying suitable fabrication technologies in order to realize the synthesized metamaterial coatings. His research activities are mainly concerned with inverse problems, analysis/synthesis of antenna systems and large arrays, radar systems synthesis and signal processing, cross-layer optimization and planning of wireless/RF systems, semantic wireless technologies, system-by-design and material-by-design (metamaterials and reconfigurable-materials), and theory/applications of optimization techniques to engineering problems (tele-communications, medicine, and biology).
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